Objective: Assessment of consumption of raw and processed tomatoes, plasma lycopene concentration and their interrelationship in a nationally representative sample of elderly British people. Setting: A 1994-1995 National Diet and Nutrition Survey: a nationwide cross-sectional sample of people aged 65 y and over living in mainland Britain, either in the community ('free-living', n ¼ 1275) or in institutions such as nursing homes (n ¼ 412). Methods: Consumption of raw and processed tomatoes (including those in tomato-containing composite foods) was recorded by a 4-day dietary record for each participant. Plasma lycopene concentration was assayed by HPLC. Sociodemographic and lifestyle information was recorded by trained interviewers. Results: In all, 29% of free-living people and 24% of those living in institutions did not consume any raw or processed tomatoes during the 4-day recording period. Free-living participants were more likely to consume raw tomatoes (26 vs 16%). Plasma lycopene concentration was positively associated with the weight of raw and processed tomatoes consumed, especially with processed tomatoes and their products, alcohol consumption and with plasma total (as well as HDL and non-HDL) cholesterol concentrations. Among free-living participants, increased age, cigarette smoking habit and manual occupational social class were all associated with lower plasma lycopene concentration. Conclusions: In the current population, consumption of raw and processed tomatoes varied by sociodemographic and lifestyle characteristics, and made a significant contribution to plasma lycopene concentration. Determinants of plasma lycopene concentration were age, plasma cholesterol concentration and smoking habit.
Introduction
Experimental and epidemiological evidence suggests that high consumption of raw and processed tomatoes is associated with a significantly lower risk of digestive-tract cancers such as stomach, colon and rectum (La Vecchia, 1998 ) and of prostate cancer (Giovannucci, 1999; Giovannucci et al, 2002) . Lycopene, the predominant carotenoid found in red tomatoes, may be responsible for the beneficial effect attributed to a diet rich in raw and processed tomatoes. As a powerful neutraliser of singlet oxygen free radicals (Di Mascio et al, 1989) , lycopene may help to reduce oxidative DNA damage (Rehman et al, 1999) , thus providing protection from the cascade of events involved in carcinogenesis.
The potential role of lycopene in protecting against cardiovascular disease has also been reviewed (Arab & Steck, 2000) . In some studies (Fuhrman et al, 1997; Rao & Agarwal, 1998; Chopra et al, 2000; Maruyama et al, 2001 ), but not others (Hininger et al, 2001) , lycopene has been shown to confer protection qagainst oxidative damage to vulnerable membrane lipids, especially in conjunction with vitamin E (Fuhrman et al, 1997) .
Raw and processed tomatoes provide more than 80% of dietary lycopene (Arab & Steck, 2000) and processed tomato products (e.g. canned, sauce and juice) constitute on average the main source of tomatoes in the human diet. Recent studies have indicated that commercial processing does not reduce the antioxidant activity of tomato products and indeed the mechanical destruction of the tomato matrix may improve the lycopene bioavailability.
The intestinal absorption of lycopene varies with the characteristics of the food source and is modulated by its interaction with other dietary constituents. Heat processing of tomato juice with a lipophilic edible oil (corn oil) has been shown to increase intestinal absorption of lycopene (Stahl & Sies, 1992) . In addition to cooking, lycopene absorption is also enhanced by other forms of food processing (e.g. fine chopping) that help to break down the plant matrix (e.g. chloroplasts and chromoplasts) to which lycopene was firmly bound previously (Stahl & Sies, 1992; Shi & Le Maguer, 2000) .
Elderly people represent a population group vulnerable to the effects of oxidative damage. Owing to age-related physiological changes, lower nutrient intakes and adverse nutrient interactions with higher use of medications, many older people may be more likely to have lower status indices for antioxidant nutrients than younger people. They are also at higher risk of suffering from degenerative diseases, exacerbated by pro-oxidant damage and the accumulation of unrepaired lesions.
The aims of the present study were three-fold: firstly, to describe the consumption of raw and processed tomatoes in a nationally representative sample of the British population aged 65 y and over; secondly, to investigate the correlation between the consumption of raw and processed tomatoes with plasma lycopene concentration; and finally, to investigate the effects of sociodemographic and lifestyle factors on plasma lycopene concentration and the consumption of raw and processed tomatoes.
Subjects and methods
The present study is based on data from the National Diet and Nutrition Survey of people aged 65 y and over living in mainland Britain (Finch et al, 1998) . This included people living both in the community ('free-living') and in institutions such as residential and nursing homes. The survey was carried out in four successive 3-month fieldwork 'waves' corresponding approximately to the four seasons, from October 1994 to September 1995. Ethical approval for the survey was obtained from the Local Research Ethics Committees for each of the 80 randomly selected postcode sectors included in the survey (20 per 'wave'), and from the Ethics Committee of the MRC Dunn Nutrition Unit (now part of MRC Human Nutrition Research).
A 4-day dietary record was collected in the participant's own home or place of domicile, supervised by trained interviewers, in order to quantify food consumption. The amount of descriptive detail that was recorded was sufficient to distinguish and quantify the different types of raw and processed tomatoes consumed. Participants recorded their food and drink consumption on different days of the week, in order to span both weekdays and weekends. In the institutions, where some of the participants were mentally frail and were unable to record their own food diaries, this was done for them by nursing home staff. Since the fieldwork data collection methods were somewhat different between free-living and institution participants (weighed vs unweighed 4-day dietary records, respectively), the results for each group are presented separately.
Of 1687 survey participants who fulfilled the minimum criteria of providing a full 4-day dietary record and other essential sociodemographic and lifestyle information (64% of those originally approached with an invitation to participate), 1275 people were free-living, while the remainder lived in institutions.
Blood samples
Blood samples were taken, whenever possible, early in the morning after an overnight fast, and the vast majority fulfilled this criterion. Blood samples were taken to coincide with the period of dietary assessment as closely as possible, with most blood samples taken within 7 days of the dietary assessments. These samples were taken by a nurse in the participants' home or place of domicile by venepuncture with a Sarstedt monovette syringe and 'Multifly' butterfly needle, and transferred in a cool-box, within 4 h, to a local hospital laboratory for centrifugation. Samples of heparinised plasma were stored initially (up to 3 months) at À401C and then at À801C after transfer to the MRC Dunn Nutrition Unit before analysis. A total of 1055 participants provided blood samples, with similar proportions in each domicile group.
Lycopene extraction and quantification
Lycopene was extracted with n-heptane and protein denaturation (Thurnham et al, 1988; Finch et al, 1998) and quantified by HPLC. After evaporation and resolution in mobile phase, 50 ml aliquots were injected onto a 3 mm Waters C, 4.6 Â 100 mm radial compression cartridge column preceded by a 0.5 mm stainless-steel filter to remove any particles. The mobile phase was: acetonitrile 44%; methanol 44%; dichloromethane 12% by volume, containing 10 mg/l butylated hydroxytoluene. The flow rate was 1.5 ml/min and the column temperature was maintained at 251C by a column heater. A Waters Millennium-controlled HPLC data collection system, with a model 490E multi-channel UV/ visible detector, was used for peak detection and quantification. The run time was 10 min with lycopene quantified by absorbance at 450 nm. Quality assurance was maintained externally by participation in an interlaboratory sample exchange scheme (National Institute of Science and Technology, Gaithersburg, VA, USA) and internally by internal Tomatoes and plasma lycopene in the elderly R Re et al drift control samples to give early warning of any changes in assay sensitivity. This latter form of quality assurance gave an interassay precision (CV) of 8.7% (n ¼ 133) with only 6.9% assay drift across all four 'waves'. Deviation index range for plasma lycopene concentration was from -1.05 to 0.22 (Finch et al, 1998) .
Plasma lipid measurements
Plasma concentrations of total cholesterol, HDL-cholesterol and triglycerides were determined by colourimetric assays on a Cobas Bio analyser. Plasma total cholesterol concentration was measured using the CHOD/PAP method (Roche Unimate CHOL assay kit), which depends on the oxidation of cholesterol, by cholesterol oxidase, to 7-hydroxy-cholesterol. The hydrogen peroxide liberated then reacts with phenol and 4-amino-antipyrine in the presence of peroxidase, to yield a quinoneimine chromophore that is measured at 520 nm. Plasma HDL-cholesterol concentration (using Roche Unimate CHOL þ HDL-CHOL assay kit) was defined as that fraction of total cholesterol that remained in solution after precipitation of LDL and VLDL cholesterol with magnesium chloride/phosphotungstic acid reagent added to the plasma sample. The plasma sample was centrifuged and the clear supernate assayed by the method used for plasma total cholesterol concentration.
For plasma triglyceride concentration (using the Roche Unimate TRIG assay kit), the sample was incubated with a mixture of lipase, glycerokinase, 3-phosphoglycerate dehydrogenase and pyridine nucleotide. The resulting change in optical density at 340 nm indicated lipid-bound glycerol and hence triglyceride concentration.
Statistical analysis
Raw and processed tomatoes were grouped into three main categories: raw, when the tomato was consumed uncooked; processed, when the tomatoes were consumed in a cooked form without other food components (this category included grilled, fried and canned tomatoes, ketchup and soup); tomato-containing products (TCP), which comprised all multicomponent foods containing tomatoes in an unspecified amount, e.g. pizza, canned food or other composite foods. Combinations of the groups defined above were used to create the following eight categories of tomato products consumed: (1) no tomato or tomato products consumed, (2) raw tomatoes only, (3) processed tomatoes only, (4) TCP only, (5) raw and processed tomatoes, (6) raw tomatoes and TCP, (7) processed tomatoes and TCP and (8) raw, processed tomatoes and TCP.
Consumption of raw and processed tomatoes, and plasma lycopene concentration, were assessed by season and sociodemographic and lifestyle variables. Age was categorised as (a) 65À74 y, (b) 75À84 y and (c) 85 y and over. Social class of the head of household was categorised as (a) non-manual, or (b) manual, based on employment categories before retirement. Three regions of residence were distinguished: (a) Scotland and northern England, (b) Central and south-west England, and Wales and (c) London and south-east England. Season was categorised as (a) autumn (October-December), (b) winter (January-March), (c) spring (April-June) and (d) summer (July-September). Current cigarette smoking status was defined as (a) non-smoker or (b) smoker. Alcohol consumption was categorised as (a) non-consumer or (b) consumer. For free-living participants, living arrangement was dichotomised as (a) living alone or (b) living with others.
Univariate analyses were used to compare percentages (w 2 test) or means (ANOVA) for subgroups according to season and selected sociodemographic and lifestyle variables. Multiple linear regression models were then used to analyse the relation between plasma lycopene concentration (dependent variable) and the total amount of raw and processed tomatoes consumed (independent variable) while adjusting for social class, living arrangement (for free-living participants only), region of residence, season, cigarette smoking status, alcohol consumption status, fat intake and age. The analyses were then repeated with the variable 'type of tomato products consumed' in place of the variable 'total amount of tomato products consumed'. Natural logarithmic transformations of the total weight of tomato products consumed and plasma lycopene concentration were performed before the data analyses in order to normalise distributions. All analyses were performed separately for free-living participants and institution dwellers using SAS (SAS Institute Inc, 1999), with Po0.05 deemed statistically significant.
Results
Sociodemographic and lifestyle characteristics, tomato product consumption and plasma lycopene concentrations of the free-living and institution samples are reported in Table 1 . Compared with people living in institutions, freeliving participants were more likely to be younger, that is, 65À74 y (41 vs 14%), consume alcohol (43 vs 29%), and to be of non-manual social class (46 vs 36%). There were no significant differences between the two domicile groups in terms of gender, cigarette smoking status, region of residence or total weight of tomato products consumed. Mean plasma lycopene concentration did not vary significantly with gender in either sample (freeliving: 0.27 vs 0.28 mmol/l; institution: 0.16 mmol/l), although it was significantly higher in the free-living group than in the institution group (0.27 vs 0.16 mmol/l). The majority of participants in the free-living sample were living with others (55 vs 45%) ( Table 1) . Most of the tomatoes were consumed either raw (36.2%) or in canned tomato-containing products such as baked beans, fish (e.g. sardines) and spaghetti in tomato sauce (29.5%) ( Table 2) . Among the free-living group, non-consumers of tomato products during the 4-day recording period were more likely to be aged 85 y and over (40%), non-consumers of alcohol (30%), and to be of manual social class (32%) ( Table 3) . Among the institution group, however, only the region of residence was significantly associated with the type of tomato products consumed. People living in institutions in London and south-east England were less likely to consume raw tomatoes and more likely to consume processed tomatoes, whereas the reverse was true for those living in institutions in Scotland and northern England (Table 4) .
Plasma lycopene concentrations were positively associated with the weight of raw and processed tomatoes consumed (free-living sample: Pearson's r ¼ 0.36, Po0.0001; institution sample: r ¼ 0.39, Po0.0001). Among the free-living group, age was negatively associated with plasma lycopene concentration (Po0.0001), while non-manual social class, being a non-smoker of cigarettes, or being a consumer of alcohol were all positively associated (Table 5 ). In both free-living and institution groups, the type of tomato products consumed was significantly associated with plasma lycopene concentration. The rate of change in plasma lycopene concentration with equal weight increments of raw and processed tomatoes was lowest when only raw tomatoes were consumed and highest when all three types of tomato products were consumed (Table 6 ). Among free-living participants, plasma lycopene concentrations were not associated with living arrangements (results not shown).
Both free-living and institution groups exhibited major seasonal differences in the consumption of tomatoes, especially raw tomatoes, with the lowest consumption occurring during winter (January-March). For the free-living group, the maximum consumption occurred in the summer months (July-September, Po0.0001), whereas for the institution group, this was highest in OctoberÀDecember (P ¼ 0.03) (not shown). However, plasma lycopene concentrations did not exhibit the same seasonal patterns, and for the free-living group there was no significant seasonal cycle in plasma lycopene concentration (not shown). For the institution group, the lowest plasma lycopene concentrations were observed during summer and the highest during autumn. However, this seasonal trend was marginally significant (P ¼ 0.03) only after adjustment for plasma total cholesterol concentration (not shown).
Plasma lycopene concentration exhibited a strong direct correlation with plasma total cholesterol concentration, and also with plasma concentrations of HDL cholesterol and non-HDL cholesterol (i.e. total minus HDL). These correlations were highly significant (Po0.0001) for the free-living group, and were essentially unaltered after adjustment for age, social class, cigarette smoking habit, region and consumption of tomato products. For the institution group, they were strongest and most robust for plasma concentrations of total and non-HDL cholesterol, whereas the correlation with plasma HDL cholesterol concentration became non-significant after adjustment. There was no significant correlation between plasma concentrations of lycopene and (fasting) triglycerides in either population group.
Plasma lycopene concentration was not significantly correlated with body mass index (BMI) or with other anthropometric variables, including mid-upper-arm circumference (MUAC), in the free-living group. However, in the institution group there was a significant inverse relation between plasma lycopene concentration and both BMI and MUAC (Po0.01), strengthened by adjustment for age and plasma total cholesterol concentration.
Discussion
Raw and processed tomatoes are the main sources of lycopene in the human diet. However, the lycopene content of tomato products is highly variable, being affected by factors such as variety (Hart & Scott, 1995; Abushita et al, 2000) , ripeness (Fraser et al, 1994) , climate and geographical site of production (Scalfi et al, 2000) and processing (Tonucci et al, 1995; Shi & Le Maguer, 2000; Re et al, 2002) . For Body mass index (mean, SE) 412 24.8(0.6) 24.2(0.9) 24.8(0.9) 24.5 (0.8) 26.2 (0.9) 26.2 (0.9) 23.3 (1.0) 25.8 (1.2) 0.4 a TCP=tomato-containing products. b w 2 test for the association between sociodemographic or lifestyle characteristics and the types of tomato product consumed (hypothesis being tested is that the proportions of people consuming each type of tomato product are all equal). Sample sizes quoted are the maximum available and may have been reduced slightly for some sociodemographic or lifestyle factors during w 2 or ANOVA tests, because of missing values in some of these factors.
example, although the median lycopene content of raw tomatoes has been given as 3100 mg/100 g, it has also been reported to vary between 879 and 4200 mg/100 g wet weight (Mangels et al, 1993) . The range may be even larger in processed tomato products where different preparation procedures add to the variability in the resulting lycopene content. The amount of lycopene present in the diet of an individual is therefore difficult to assess accurately and for this reason consumption of raw and processed tomatoes was quantified in preference to making potentially inaccurate estimates of lycopene intake. The inadequate food content data for lycopene may explain why there are currently no nationally representative estimates of lycopene intake for any age group in the UK. The problem of wide variability in lycopene content of foods will also contribute to the wide variation in population estimates of lycopene intake in other studies (Vandenlangenberg et al, 1996; Johnson-Down et al, 2002) . Nevertheless, the ranking of individuals and the strength of the diet:plasma concentration correlations may not be greatly affected by these errors in intake estimate at the individual level (Vandenlangenberg et al, 1996) .
One study (Gärtner et al, 1997) found that consumption of tomato puree led to a 3.8-fold higher peak in plasma lycopene concentration as compared to that achieved after eating fresh tomatoes with an equivalent lycopene content, thus demonstrating the importance of the food matrix in determining lycopene bioavailability. Other studies have also concluded that lycopene in processed tomatoes is more readily absorbed than that in raw tomatoes (Porrini et al, 1998; Böhm & Bitsch, 1999; van het Hof et al, 2000) , and even that lycopene from heated tomato juice was more readily absorbed than that from unheated tomato juiceF possibly because of the conversion of lycopene isomers from the trans to the cis stereochemical form (Stahl & Sies, 1992) . The presence of fat (e.g. corn oil) during cooking has also been shown to improve lycopene absorption (Stahl & Sies, 1992) . In the present study, both the total consumption of raw and processed tomatoes and the form in which they were consumed were related to plasma lycopene concentration, with a stronger association noted with processed tomatoes.
Two recent studies (Mayne et al, 1999; Casso et al, 2000) , which included younger as well as older adults living in the USA, reported significant direct correlations between serum or plasma lycopene concentration, and plasma total or LDL cholesterol concentrations, in agreement with the findings of the present study. One of these (Mayne et al, 1999) also found a direct correlation with plasma triglyceride concentration, which we did not observe. However, their study included younger people and, since it is not disclosed, may also have included non-fasting blood samples. If plasma Regression coefficient, beta, refers to the difference in mean log e plasma lycopene concentration between the reference category and the other category (slope of the other category minus the slope of the reference category). Therefore, a positive regression coefficient indicates that the corresponding category has a higher mean log e plasma lycopene concentration than the reference category.
lycopene concentration is consistently associated with plasma cholesterol concentration but not with that of fasting triglycerides, this may have implications for its compartmentation and metabolism. The observed inverse relation between plasma lycopene concentration and age has been reported elsewhere by some (Gregory et al, 1990; Casso et al, 2000; Institute of Medicine, 2000) but not others (Mayne et al, 1999) . The significant inverse relation between plasma lycopene concentration and BMI also observed in the present study, although occurring only in the institution sample, agrees with findings from the literature (Casso et al, 2000) . The respective inverse relations between plasma lycopene concentration and BMI and MUAC were observed only in people living in institutions but not in the free-living group, in the present study. In the former group, it was strengthened by adjustment for age and plasma total cholesterol concentration. It seems logical to suggest that the larger the dilution pool in the tissues, the lower the resulting concentration of lycopene in plasma, but this does not explain why the relation was seen only in the institution sample.
In the present study, although consumption of tomatoes, especially raw tomatoes, was much lower during winter (January-March) than at other times of the year for participants from both types of domicile, this was not consistently reflected in a seasonal cycle of plasma lycopene concentrations. This again suggests that the proportion of lycopene absorbed from foods may be more important in determining plasma lycopene concentrations than total lycopene intake. Seasonal variation in plasma lycopene concentration is inconsistent between published studies, with some reporting highest values during late summer/ autumn (May-October) (Scott et al, 1996; Casso et al, 2000; Dusinska et al, 2002) , one reporting lowest values during winter (January-March) for a national sample of British men and women aged 16À64 y (Thurnham & Flora, 1988) , and only one study failing to find significant seasonal differences (Mayne et al, 1999) . TCP=tomato-containing products. b Regression coefficient, beta, refers to the difference in mean log e plasma lycopene concentration between the reference category and the other category (slope of the other category minus the slope of the reference category). Therefore, a positive regression coefficient indicates that the corresponding category has a higher mean log e plasma lycopene concentration than the reference category.
With regard to smoking status, lower plasma lycopene concentration was found in cigarette smokers in the freeliving group from the present study. This finding is consistent with significantly lower plasma lycopene concentrations observed in smokers from a nationwide dietary and nutritional survey of younger British adults in 1986À1987 (Gregory et al, 1990) . However, many researchers have not reported any significant difference in plasma lycopene concentration between smokers and non-smokers (Ross et al, 1995; Tsubono et al, 1996; Mayne et al, 1999; Chopra et al, 2000; Wei et al, 2001 ).
In conclusion, both raw and processed tomatoes and tomato-containing products were directly associated with plasma lycopene concentration, with the association being strongest for processed tomatoes and products. Plasma lycopene concentrations are controlled by a wide range of factors, of which dietary intake is only one. Studies of the complex relations between diet, circulating nutrients, and disease outcomes will help to define the most desirable dietary choices for vulnerable population groups such as the elderly.
